Introduction
============

Glioma is the most fatal and common primary malignant brain tumor of the adult central nervous system with a 3.3% mortality rate and a medical and neurologic morbidity rate of 31.7% ([@b1-ijo-56-02-0508],[@b2-ijo-56-02-0508]); it is clinically classified into low-grade glioma (WHO grade I and II) and high-grade glioma (WHO grade III and IV), according to histopathological malignancy characteristics ([@b3-ijo-56-02-0508]). Although combined therapeutic treatments have been improved tremendously in the last two decades, the 5-year survival rate is still \<5% ([@b4-ijo-56-02-0508]). Therefore, it is necessary to explore novel therapeutic targets and develop strategies for glioma treatment.

Long non-coding RNAs (lncRNAs) are key molecules in the progression of various types of human tumors ([@b5-ijo-56-02-0508],[@b6-ijo-56-02-0508]), including glioma pathogenesis ([@b7-ijo-56-02-0508]). lncRNA LINC00473 is an intergenic lncRNA located on the human 6q27 chromosome ([@b8-ijo-56-02-0508]). Recently, LINC00473 expression has been found to be elevated in a variety of human cancers, including non-small cell lung cancer ([@b9-ijo-56-02-0508]), Wilms tumor ([@b10-ijo-56-02-0508]), hepatocellular carcinoma ([@b11-ijo-56-02-0508]), cervical cancer ([@b12-ijo-56-02-0508]), human mucoepidermoid carcinoma ([@b13-ijo-56-02-0508]), fibrolamellar carcinoma ([@b14-ijo-56-02-0508]) and gastric cancer ([@b15-ijo-56-02-0508]). However, the clinical importance and biological functions of LINC00473 in glioma remains unclear.

lncRNAs can function as competing endogenous RNAs (ceRNAs) to sponge and inhibit the function of specific microRNA (miRNA) ([@b16-ijo-56-02-0508]). As a ceRNA, LINC00473 regulates miRNA (miR)-15a-dependent Taxol resistance in colorectal cancer ([@b17-ijo-56-02-0508]). Moreover, LINC00473 has been shown to antagonize the tumor suppressor miR-195 to mediate Wilms tumor ([@b10-ijo-56-02-0508]), and miR-195 serves an antitumoral role in glioma ([@b18-ijo-56-02-0508]-[@b20-ijo-56-02-0508]). Therefore, we hypothesized that LINC00473 may function as a ceRNA to link miR-195 and post-transcriptional signaling in glioma cells.

The targeting of miR-195-5p to YAP1 (Yes-associated protein 1) has been reported in hepatocellular carcinoma ([@b21-ijo-56-02-0508]), osteosarcoma ([@b22-ijo-56-02-0508]) and colorectal cancer ([@b23-ijo-56-02-0508]). The conserved Hippo signaling pathway mediates downstream transcriptional co-activators, such as YAP, which subsequently binds to and activates TEA domain family members (TEADs) that are responsible for cell proliferation and apoptosis ([@b24-ijo-56-02-0508]). A previous study reported that YAP1 was upregulated in glioma cells and induced glioma growth ([@b25-ijo-56-02-0508]). Ectopic expression of YAP binds to TEAD and controls the transcription of pro-proliferative and anti-apoptotic target genes in glioma ([@b26-ijo-56-02-0508]). TEAD1 was also reported to be an important regulator of glioma cell migration ([@b27-ijo-56-02-0508]). Therefore, LINC00473 might regulate glioma progression through YAP1-TEAD1-Hippo signaling pathway.

The present study hypothesized that LINC00473 may promote glioma development and, as such, investigated the effects of LINC00473 on tumor proliferation, migration and invasion *in vivo* and *in vitro*. In addition, the downstream targets of LINC00473 and the underlying mechanisms were also examined. The results of the present study may contribute to the application of LINC00473 in glioma therapy.

Materials and methods
=====================

Clinical tumor tissues
----------------------

Paired glioma tissues and para-carcinoma tissues were obtained from 40 patients (17 male; 23 female; age, 55.8±4.7 years with range of 44-70 years) with primary gliomas between January 2014 and January 2017, patients with 10-year follow-up period underwent surgical treatment at Union Hospital Affiliated with Tongji Medical College of Huazhong University of Science and Technology (Wuhan, China). Patient glioma statuses were determined by imaging modalities (MRI scan) and verified though histological analysis. Tissue specimens were cut into pieces, flash frozen in liquid nitrogen and stored at −80°C for further experiments. The present study was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (approval no. 2014-S034), and all the patients signed written informed consent.

Cell culture and transfection
-----------------------------

Human glioma cell lines (U251, U118, LN229, U87 and SHG44) and a normal human astrocyte cell line (NHA) were obtained from Lonza Group AG and authenticated by short tandem repeat DNA profiling. Cells were cultured in DMEM supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) in a 37°C constant temperature incubator with 5% CO~2~.

Two short hairpin (sh)RNAs against LINC00473 (sh-LINC00473\#1, 5′-AAC TGG ATC TTT GCA GAC AGG-3′; sh-LINC00473\#2: 5′-AAG AAC CCA AGT CAT ATT CAT-3′) and a scramble negative control (sh-NC, 5′-CGG AUC AGC UCG CGC UAU CAU CGC A-3′) were inserted into a pLKO.1 expression vector (BioSettia, Inc.). A total of 40 nM sh-LINC00473\#1, LINC00473\#2 or shNC were co-transfected into 293 cells (4×10^5^ cells/well) with psPAX2 and pMD2.G lentiviral vectors using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 48 h, according to the manufacturer's protocols. Following incubation, lentiviral particles were harvested by precipitation in polyethylene glycol followed by centrifugation at 500 × g for 30 min at 4°C, and particles were transduced at 0.5 multiplicity of infection into U251 or U87 cells (1×10^6^ cells) using ViraPower™ Packaging Mix (Thermo Fisher Scientific, Inc.) and 8 mg/ml polybrene at 37°C overnight. Cells were treated with 5 *µ*g/ml puromycin (Sigma Aldrich; Merck KGaA) 1 week to establish stable cell lines.

Full-length of LINC00473 was amplified and cloned into pcDNA3.1 overexpression vector (Invitrogen; Thermo Fisher Scientific, Inc.). U251 or U87 cells (4×10^5^ cells/well) were seeded in 12-well plates and transfected with 300 *µ*g pcDNA3.1-LINC00473 or the empty vector control (pcDNA3.1) using Lipofectamine 2000 at 37°C for 48 h, according to the manufacturer's protocols, and subsequently used for other experiments.

miR-195-5p mimics (5′-UAG CAG CAC AGA AAU AUU GGC-3′), miR-195 inhibitor (inh; 5′-GCC AAU AUU UCU GUG CUG CUA-3′), miR-NC (5′-UCA CAA CCU CCU AGA AAG AGU AGA-3′ and inh NC (5′-CAG UAC UUU UGU GUA GUA CAA-3′) were synthesized by Suzhou GenePharma Co., Ltd. U251 or U87 cells (1×10^6^ cells) were transfected with miR-195-5p mimics, inhibitors or the respective controls (40 nM) using Lipofectamine 2000 at 37°C for 48 h, according to the manufacturer's protocols, and subsequently used for other experiments. U251 and U87 cells were co-transfected with i) inh NC and sh-NC, ii) sh-LINC00473 and inh NC, iii) miR-195-5p inh and sh-NC, and iv) sh-LINC00473 and miR-195-5p inh to determine the functional roles of LINC00473/miR-195-5p/YAP1-TEAD1-Hippo axis in regulating glioma progression.

Cell viability assay
--------------------

Transfected/transduced U251 or U87 cells (2×10^3^ cells/well) were seeded in 96-well plates and incubated for 24, 48, 72 and 96 h. Subsequently, 20 *µ*l Cell Counting Kit-8 (CCK8) solution (Dojindo Molecular Technologies, Inc.) was added into each well and incubated at 37°C for 2 h, according to the manufacturer's protocols. The absorbance was measured at 450 nm using a Microplate Autoreader (Thermo Fisher Scientific, Inc.).

Flow cytometry
--------------

Transfected/transduced U251 or U87 cells (1×10^6^ cells) were harvested using trypsin digestion. For cell cycle analysis, cells were stained with 5 *µ*l propidium iodide (PI; 100 *µ*g/ml) with 1 U/ml ribonuclease (Abcam) for 30 min at room temperature, according to the manufacturer's protocols. For apoptosis analysis, cells were resuspended in 100 *µ*l binding buffer (Nanjing KeyGen Biotech Co., Ltd.) containing 5 *µ*l PI (100 *µ*g/ml) with 1 U/ml ribonuclease in the dark for 30 min at room temperature, and then incubated with additional 5 *µ*l of Annexin V-FITC for another 15 min in the dark at room temperature, according to the manufacturer's protocols. Cells were subsequently analyzed by FACS using an Attune flow cytometer (Thermo Fisher Scientific, Inc.) with software FlowJo 1.1.0 (Tree Star, Inc.) for the determination of apoptotic rates, which is presented as a combination of early and late stage apoptosis.

Wound healing assay
-------------------

Transfected/transduced U251 or U87 cells (5×10^5^ cells/well) were seeded in six-well plates with complete medium. Cells ay 90-95% confluence were serum starved for 24 h. Cells with 95% confluence were used for the following experiment. A 200 *µ*l sterile pipette tip was used to generate linear scratch wounds, and the plate was washed with PBS to remove debris and suspended cells. Plates were incubated at 37°C for 24 h post-wound generation, and images were captured under a light microscope (magnification, ×100) and the cell migration distance was measure compared with the 0 h time point.

Transwell invasion assay
------------------------

Transfected/transduced U251 or U87 cells (2×10^4^ cells/well) were suspended in 200 *µ*l serum-free DMEM and plated in the upper Transwell chamber (Corning, Inc.) containing a pre-coated Matrigel-coated membrane (0.1 ml, 50 *µ*g/ml; BD Biosciences). A total of 400 *µ*l DMEM with 10% FBS was added to the lower chamber. Cells were incubated at 37°C for 24 h, and the invading cells at the bottom of chambers were stained with 1% crystal violet for 30 min. Cells were imaged and counted under a light microscope (magnification, ×100) (Olympus Corp).

Dual-luciferase reporter assay
------------------------------

Potential targets of miR-195-5p and LINC00743 were predicted using TargetScan release 7.1 (<http://www.targetscan.org/vert_71>) or starBase v2.0 (<http://starbase.sysu.edu.cn>), respectively. Sequences of wildtype (WT) or mutant (MUT) 3'-untranslated regions (UTRs) of LINC00473, YAP1 or TEAD1 were cloned into pmirGLO luciferase reporter vector (Promega Corporation). 293 cells (3×10^4^ cells/well) were seeded in 24-well plates and co-transfected with either miR-195-5p mimics or NC mimics and pmirGLO-WT-LINC00473, pmirGLO-MUT-LINC00473, pmirGLO-WT-YAP1, pm i r GLO -MU T-YA P1, pm i r GLO -W T-TEA D1 or pmirGLO-MUT-TEAD1 using Lipofectamine 2000 at 37°C, according to the manufacturer's protocols. At 48 h post-transfection, the luciferase activities were measured using a Lucifer Reporter Assay System (Promega Corporation), with firefly luciferase activity normalized to *Renilla* luciferase activity.

RNA immunoprecipitation (RIP)
-----------------------------

A total of 1×10^6^ trans-fected/transduced U251 or U87 cells were collected and lysed using Magna RIP Kit (EMD Millipore, Billerica, MA). Cell lysate was incubated with protein G Sepharose beads (GE Healthcare) coated with anti-argonaute 2 (Ago2) antibody (1:50; cat. no. ab186733; Abcam) at 4°C overnight. Anti-immunoglobulin (Ig)G antibody (1:50; cat. no. ab200699; Abcam) was used as the negative control, and anti-U1 small nucleoprotein 70 kDa (SNRNP70; 1:50; cat. no. ab83306; Abcam) was used as positive control. RNA was subsequently isolated for reverse transcription (RT)-qPCR, described below.

RT-qPCR
-------

Total RNA was isolated from tissues (2 mg) or cell lines, including cells from RIP, (1×10^6^ cells) using TRIzol^®^ (Invitrogen; Thermo Fisher Scientific, Ind.), miRNAs were extracted using miRcute miRNA Isolation kit (Tiangen Biotech Co., Ltd.). A total of 2 *µ*g RNA was reverse transcribed into cDNA using the PrimeScript RT Reagent kit (Takara Bio, Inc.). qPCR was conducted using SYBR Green Master mix (Roche Diagnostics GmbH) on a ViiA 7 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), with the following thermocycling conditions: Initial denaturation at 95°C for 60 sec; followed by 40 cycles of extension at 95°C for 30 sec and annealing at 60°C for 40 sec. GAPDH or U6 was used as endogenous controls and for normalization of mRNA and miRNA expressions, respectively. Primer sequences are provided in [Table I](#tI-ijo-56-02-0508){ref-type="table"}.

Western blotting
----------------

Total protein was extracted from glioma and para-cancerous tissues (100 mg) and glioma cell lines (1×10^7^ cells) using RIPA lysis buffer (Thermo Fisher Scientific, Inc.). Protein concentrations were quantified by BCA and a total of 30 *µ*g protein lysate was separated by 10% SDS-PAGE and subsequently electrotransferred onto PVDF membranes. After blocking with 5% BSA (Sigma-Aldrich; Merck KGaA) at 37°C for 1 h, the membrane was incubated overnight with primary antibodies against YAP1 (1:1,500; cat. no. ab56701; Abcam), TEAD1 (1:1,500; cat. no. ab109080, Abcam), CTGF (1:2,500; cat. no. ab6992; Abcam) and GAPDH (1:3,000; cat. no. ab9485; Abcam) at 4°C. Following incubation with a horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:5,000; cat. no. ab205718; Abcam) or goat anti-mouse (1:5,000; cat. no. ab205719; Abcam) secondary antibody at 4°C for 2 h, the immunoreactivities were detected by Enhanced Chemiluminescence (Nanjing KeyGen Biotech Co., Ltd.). Densitometric analysis was performed using ImageJ v2.4.1 (National Institutes of Health) with protein expression levels normalized to GAPDH.

Mouse xenograft assay
---------------------

All studies involving animals were approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. Male BALB/c nude mice (n=12; age, 5 weeks; weight, 20-25 g; Shanghai Experimental Animal Centre) were randomly separated into two groups, sh-NC and shRNA-LINC00473\#2, (n=6 mice/group), and used for tumor formation assay. A total of 1×10^8^ LINC00473\#2- or sh-NC-transfected U251 cells in 100 *µ*l PBS were subcutaneously injected in the right flank of nude mice. Tumors were measured with digital calipers every 7 days; the largest tumor diameter was 4.83 mm, and tumor volume was calculated. At 5 weeks post-injection, the mice were anaesthetized with 40 mg/kg sodium pentobarbital (i.p.) and then sacrificed by 10% formalin perfusion fixation of central nervous system; death was confirmed by completely stopping of the heartbeat and breathing, as well as disappearance of the foot withdrawal reflex. The tumor tissues were isolated and weighed, and RNAs and proteins were extracted for analysis following the aforementioned protocols.

Hematoxylin and Eosin (H&E) staining
------------------------------------

Glioma tissues from mice were fixed in 4% paraformaldehyde at 4°C for 24 h, embedded in paraffin and cut into 7 *µ*m sections with an RM2245 microtome (Leica Microsystems GmbH). The sections were deparaffinized in xylene, rehydrated in serially diluted ethanol and stained with H&E (Sigma-Aldrich; Merck KGaA) at 4°C for 10 min. Representative photomicrographs were captured using a light microscope (Olympus Corporation), magnification, ×200.

Immunohistochemical (IHC) staining
----------------------------------

Mouse glioma tissues were fixed with 4% paraformaldehyde at 4°C for 24 h, embedded in paraffin and sectioned (4 *µ*m). After dewaxing with xylene and rehydration through an ethanol series, sections were incubated in 3% H~2~O~2~ to inhibit endogenous peroxidases. For antigen retrieval, sections were immersed in Tris-EDTA buffer containing 0.05% Tween 20 (pH 9.0), in a water bath at 95°C for 30 min. After washing with PBS, the sections were incubated in 4% dry milk with 0.3% goat serum (Sigma-Aldrich; Merck KGaA) in PBS solution for 20 min to block non-specific binding, and then incubated overnight with anti- Ki67 (1:100; cat. no. ab15580; Abcam) antibody in the presence of 10% rabbit serum (Sigma-Aldrich; Merck KGaA). After washing with PBS, the sections were incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (1:100; cat. no. ab6721; Abcam). Slides were counterstained with hematoxylin to stain cell nuclei, dehydrated in an ethanol series and examined under a light microscope (Olympus Corporation); magnification, ×200).

Statistical analysis
--------------------

Experiments were repeated three times and data were expressed as mean ± SEM. GraphPad Prism software v5.0 (GraphPad Prism Software, Inc.) was used for statistical analysis by one-way ANOVA and Tamhane's T2 post hoc test. Kaplan-Meier method and log-rank test were used to analyze differences between patients with high or low levels of LINC00473 expression and overall survival (OS). χ^2^ was used to analyze the data in [Table II](#tII-ijo-56-02-0508){ref-type="table"}. Paired Student's t-test was used to analyze differences between paired tumor and para-cancerous tissues. Pearson's correlation test was used for correlation analysis. Multivariate and univariate analysis of prognostic parameters in patients with glioma by Cox regression analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

lncRNA LINC00473 is highly expressed in both glioma tissues and cell lines
--------------------------------------------------------------------------

To determine the association between LINC00473 and glioma tumorigenesis, the expression levels of LINC00473 were first determined in glioma and para-cancerous tissues from 40 patients. The results demonstrated that LINC00473 was significantly increased in tumoral tissues compared with the para-carcinoma tissues (P\<0.01; [Fig. 1A](#f1-ijo-56-02-0508){ref-type="fig"}). Moreover, LINC00473 levels were positively related to the WHO grades of glioma ([Fig. 1A](#f1-ijo-56-02-0508){ref-type="fig"}), as there was higher expression level in WHO grade III and IV compared with WHO grade I and II, which indicated that LINC00473 may be associated with malignancy of glioma. Median expression level of LINC00473 in patients was considered as a cut-off, patients were then divided into two groups: High LINC00473 expression group (fold change ≥2.5; n=17) and low LINC00473 expression group (n=23). Further association analysis between LINC00473 expression and clinicopathological characteristics of patients with glioma demonstrated that among the 40 patients, high LINC00473 expression level was significantly associated with tumor recurrence (P=0.015) and tumor grade (P\<0.001) ([Table II](#tII-ijo-56-02-0508){ref-type="table"}). No significant associations were determined between LINC00473 expression and the other clinicopathological features, such as the age (P=0.283), histopathology (P=0.676) and sex (P=0.073) ([Table II](#tII-ijo-56-02-0508){ref-type="table"}). The association between LINC00473 expression and prognosis of patients with glioma was determined using Kaplan-Meier survival analysis ([Fig. 1B](#f1-ijo-56-02-0508){ref-type="fig"}). Patients with high LINC00473 level exhibited shorter OS compared with patients with low LINC00473 expression (P=0.0148). Cox multivariate survival analysis indicated tumor grade (P=0.039) and LINC00473 expression (P=0.030) were independent risk prognostic factors of glioma ([Table III](#tIII-ijo-56-02-0508){ref-type="table"}). However, univariate analyses identified no clinicopathological features that were significantly associated with glioma prognosis ([Table III](#tIII-ijo-56-02-0508){ref-type="table"}). The univariate and multivariate analysis results suggested that there may be complex interactions between the independent variables.

LINC00473 expression levels were also increased in human glioma cell lines (U251, U118, LN229, U87 and SHG44) compared with NHA cells ([Fig. 1C](#f1-ijo-56-02-0508){ref-type="fig"}). As U251 and U87 cells exhibited the highest expression levels of LINC00473, they were chosen for the subsequent functional assays.

LINC00473 knockdown suppresses glioma cell proliferation, migration and invasion, and induces apoptosis
-------------------------------------------------------------------------------------------------------

To further investigate the biological role of LINC00473 in glioma cells, U251 and U87 cells were transfected with sh-LINC00473\#1 and sh-LINC00473\#2. RT-qPCR analysis confirmed the knockdown efficiency of LINC00473 in U251 and U87 cells ([Fig. 2A](#f2-ijo-56-02-0508){ref-type="fig"}); sh-LINC00473\#2 was used for the subsequent assays, and will be referred to as sh-LINC00473. Loss-of-function assays demonstrated that LINC00473 knockdown inhibited cell viability ([Fig. 2B](#f2-ijo-56-02-0508){ref-type="fig"}), induced apoptosis ([Fig. 2C](#f2-ijo-56-02-0508){ref-type="fig"}) and blocked cell cycle progression at the G0/G1 phase ([Fig. 2D](#f2-ijo-56-02-0508){ref-type="fig"}). Moreover, down-regulation of LINC00473 also substantially inhibited cell migration ([Fig. 2E](#f2-ijo-56-02-0508){ref-type="fig"}) and invasion ([Fig. 2F](#f2-ijo-56-02-0508){ref-type="fig"}). In general, LINC00473 knockdown suppressed glioma cell proliferation, migration and invasion, and induced apoptosis.

LINC00473 knockdown inhibits glioma growth in vivo
--------------------------------------------------

The effects of LINC00473 on glioma growth were examined *in vivo.* At 5 weeks post-transplantation, subcutaneous tumors were harvested. The knockdown efficiency of sh-LINC00473 in subcutaneous xenotransplanted tumors was confirmed by RT-qPCR ([Fig. 3A](#f3-ijo-56-02-0508){ref-type="fig"}). Mice in the sh-LINC00473 group exhibited smaller tumor sizes and volumes compared with those of the sh-NC group ([Fig. 3B and C](#f3-ijo-56-02-0508){ref-type="fig"}, respectively). Tumor weight was also significantly decreased in sh-LINC00473 group compared with the control ([Fig. 3C](#f3-ijo-56-02-0508){ref-type="fig"}). Tumor sections were stained with H&E, which revealed that LINC00473 knockdown decreased degrees of malignancy, as tissues in sh-NC group exhibited dissimilar cells with bigger nucleus ([Fig. 3D](#f3-ijo-56-02-0508){ref-type="fig"}), and IHC staining demonstrated that Ki67 expression levels were also notably reduced in the xenografted tumor tissues of mice injected with sh-LINC00473-trans-fected cells ([Fig. 3E](#f3-ijo-56-02-0508){ref-type="fig"}).

LINC00473 directly binds to and decreases miR-195-5p expression
---------------------------------------------------------------

StarBase was used to determine if LINC00473 contained potential target sites for miR-195-5p ([Fig. 4A](#f4-ijo-56-02-0508){ref-type="fig"}). Dual luciferase reporter assays confirmed that miR-195-5p significantly decreased the luciferase activity of pmirGLO-wt-LINC00473, but did not have an effect on pmirGLO-mut-LINC00473 ([Fig. 4B](#f4-ijo-56-02-0508){ref-type="fig"}), which suggested a potential binding ability between LINC00473 and miR-195-5p. Results from the RIP assay revealed that LINC00473 and miR-195-5p were both significantly enriched in Ago2-containing beads compared with the IgG-containing beads, the same as that of the SNRNP70 positive control ([Fig. 4C](#f4-ijo-56-02-0508){ref-type="fig"}). Taken together, these results indicated that there may be an interaction between LINC00473 and miR-195-5p.

The effects of LINC00473 on miR-195-5p expression were evaluated by gain- and loss-of-function assays. The transfection efficiency of pcDNA 3.1-LINC00473 in U251 and U87 cells was confirmed by RT-qPCR ([Fig. 4D](#f4-ijo-56-02-0508){ref-type="fig"}). miR-195-5p expression levels were significantly increased upon sh-LINC00473 trans-fection, whereas expression was decreased upon LINC00473 overexpression, compared with the respective controls ([Fig. 4D](#f4-ijo-56-02-0508){ref-type="fig"}). Decreased miR-195-5p expression levels were also observed in human glioma tissues ([Fig. 4E](#f4-ijo-56-02-0508){ref-type="fig"}), and miR-195-5p expression was determined to be negatively related to the WHO grade of glioma ([Fig. 4E](#f4-ijo-56-02-0508){ref-type="fig"}). Bivariate Pearson's correlation analysis revealed miR-195-5P expression was negatively correlated with LINC00473 in glioma tissues ([Fig. 4F](#f4-ijo-56-02-0508){ref-type="fig"}).

YAP1 and TEAD1 are direct targets of miR-195-5p
-----------------------------------------------

The potential targets for miR-195-5p were predicted as axin 2, cell division cycle 23, dynactin 5, importin 7, proline rich 15-like and sortilin 1 using TargetScan. YAP1 and TEAD1 were also identified as containing miR-195-5p target sites ([Fig. 5A](#f5-ijo-56-02-0508){ref-type="fig"}) and were selected for the following experiments. The targeting of miR-195-5p to YAP1 or TEAD1 3′UTRs were confirmed by dual luciferase reporter assay ([Fig. 5B](#f5-ijo-56-02-0508){ref-type="fig"}). Furthermore, the up- or downregulation efficiency of miR-195-5p mimics or inh were determined by RT-qPCR ([Fig. 5C](#f5-ijo-56-02-0508){ref-type="fig"}). Similar to the bioinformatics results, miR-195-5p mimics could decrease both mRNA ([Fig. 5C](#f5-ijo-56-02-0508){ref-type="fig"}) and subsequent protein ([Fig. 5D](#f5-ijo-56-02-0508){ref-type="fig"}) expression levels of YAP1 and TEAD1, whereas miR-195-5p inh resulted in significantly increased YAP1 and TEAD1 expressions compared with the respective controls ([Fig. 5C and D](#f5-ijo-56-02-0508){ref-type="fig"}). The elevated of YAP1 and TEAD1 mRNA expression levels were also observed in glioma tissues ([Fig. 5E and F](#f5-ijo-56-02-0508){ref-type="fig"}, respectively), and both of the YAP1 and TEAD1 expressions were positively related to the WHO grade of glioma ([Fig. 5E and F](#f5-ijo-56-02-0508){ref-type="fig"}, respectively). Bivariate Pearson's correlation analysis indicated that YAP1 and TEAD1 expression were negatively correlated with miR-195-5p, but positively correlated with LINC00473 ([Fig. 5G and H](#f5-ijo-56-02-0508){ref-type="fig"}).

LINC00473 promotes glioma progression through miR-195-5p-mediated YAP1-TEAD1-Hippo signaling
--------------------------------------------------------------------------------------------

We designed four groups: U251 and U87 cells transfected with i) inh NC and sh-NC, ii) sh-LINC00473 and inh NC, iii) miR-195-5p inh and sh-NC, and iv) sh-LINC00473 and miR-195-5p inh, to determine the functional roles of LINC00473/miR-195-5p/YAP1-TEAD1-Hippo axis in regulating glioma progression. CCK-8 assay results revealed that the inhibition of cell viability by sh-LINC00473 was reversed in cells co-transfected with miR-195-5p inh ([Fig. 6A](#f6-ijo-56-02-0508){ref-type="fig"}); cells trans-fected with miR-195-5p inh exhibited higher viability compared with cells co-transfected sh-LINC00473 and miR-195-5p inh. Flow cytometry results revealed that induction of cell apoptosis ([Fig. 6B](#f6-ijo-56-02-0508){ref-type="fig"}) and inhibition of cell cycle ([Fig. 6C](#f6-ijo-56-02-0508){ref-type="fig"}) by sh-LINC00473 was also reversed in cells co-transfected with miR-195-5p inh; cells transfected with miR-195-5p inh exhibited lower apoptotic rates and higher cell cycle ratio (cell number of G1: All the cell number) compared with cells co-transfected sh-LINC00473 and miR-195-5p inh. Lastly, the suppressed migratory and invasive abilities of cells expressing sh-LINC00473 could be reversed by miR-195-5p inh co-transfection ([Fig. 6D and E](#f6-ijo-56-02-0508){ref-type="fig"}, respectively); cells transfected miR-195-5p inh exhibited significant increases in migration and invasion compared with cells co-transfected sh-LINC00473 and miR-195-5p inh ([Fig. 6D and E](#f6-ijo-56-02-0508){ref-type="fig"}, respectively). Western blot analysis demonstrated significantly decreased YAP1, TEAD1 and CTGF (connective tissue growth factor) levels upon sh-LINC00473 transfection compared with the control group ([Fig. 6F](#f6-ijo-56-02-0508){ref-type="fig"}), which were reversed in cells co-transfected with sh-LINC00473 and miR-195-5p inh ([Fig. 6F](#f6-ijo-56-02-0508){ref-type="fig"}). Cells transfected with miR-195-5p inh alone exhibited notably higher YAP1 and TEAD1 protein expression levels compared with cells co-expressing sh-LINC00473 and miR-195-5p inh ([Fig. 6F](#f6-ijo-56-02-0508){ref-type="fig"}).

Discussion
==========

Glioma is considered as one of most aggressive malignancies in central nervous system worldwide; it is clinically complicated due to various pathogenic genes and proteins ([@b28-ijo-56-02-0508],[@b29-ijo-56-02-0508]). lncRNAs are key regulators in glioma pathogenesis ([@b7-ijo-56-02-0508]), and LINC00473 has been reported to be a novel oncogene of human cancers ([@b10-ijo-56-02-0508],[@b17-ijo-56-02-0508]). Therefore, it is important to investigate the regulatory mechanisms of LINC00473 on prognosis with the aim to treat glioma.

Results from the present study indicated that LINC00473 was highly expressed in both glioma tissues and cell lines, which was in line with results from a previous study ([@b30-ijo-56-02-0508]). Moreover, high LINC00473 expression was not only tightly associated with WHO grades of glioma, but also related to the OS of the patients, predicting a poor prognosis in patients with glioma. Poor tumor prognosis is related to the invasion and metastasis of cancer cells ([@b22-ijo-56-02-0508]). LINC00473 has been correlated with poor prognosis in non-small cell lung cancer ([@b9-ijo-56-02-0508]), gastric cancer ([@b15-ijo-56-02-0508]), colorectal cancer ([@b17-ijo-56-02-0508]) and head and neck squamous cell carcinoma ([@b31-ijo-56-02-0508]) by promoting cancer cell migration and invasion. Therefore, LINC00473 was speculated to be involved in glioma progression. However, owing to the small sample size of our current clinical analysis (n=40), the significant correlation between high LINC00473 expression with other clinical parameters requires further investigations. A larger patient cohort is also needed to strengthen the clinical significance of LINC00473 in patients with glioma.

Consistent with a previous hypothesis ([@b30-ijo-56-02-0508]), our *in vitro* and *in vivo* loss-of-function assays indicated that LINC00473 knockdown not only inhibited cell proliferation, invasion and migration of glioma cells, but also blocked cell cycle and induced apoptosis. *In vivo* subcutaneous xenotransplanted tumor models revealed that interference of LINC00473 could suppress tumorigenic ability of glioma, as shown by the lower expression of Ki67 in sh-LINC00473 group than sh-NC group. Ki67 is a molecular marker that predicts poor prognosis of glioma patients ([@b32-ijo-56-02-0508]), the reduced expression of Ki67 indicated the potential clinical application of LINC00473 in treatment of glioma. However, the underlying mechanism remains to be clarified.

Accumulating evidence suggest that lncRNAs function as ceRNAs to sponge miRNA, therefore titrating them off the binding sites on protein-coding mRNAs ([@b33-ijo-56-02-0508]). LINC00473 was previously reported to sponge miR-15a in colorectal cancer ([@b17-ijo-56-02-0508]), and the binding ability between LINC00473 and miR-195 was also reported in Wilms tumor ([@b10-ijo-56-02-0508]). In the present study, miR-195-5p was identified as a target of LINC00473 in glioma cells by the means of dual luciferase reporter assay and RIP. Moreover, downregulation of miR-195-5p was found to be associated with poor prognosis of patients with glioma. In particular, miR-195-5p may inhibit cell proliferation and induce apoptosis in glioma cells through the regulation of cell apoptosis-related proteins including Caspase-3, -8, -9 and Bcl-2 ([@b34-ijo-56-02-0508]). Direct targets of miR-195 in glioma cells were identified as Sal-like protein 4 ([@b35-ijo-56-02-0508]), cyclin E1 ([@b36-ijo-56-02-0508]) to affect cell cycle ([@b37-ijo-56-02-0508]) in the previous studies. The present study also demonstrated that miR-195-5p expression is reduced in glioma tissues and cells, and inhibition of miR-195-5p promoted cell proliferation, migration and invasion of glioma cells, and inhibited apoptosis.

YAP1 and TEAD1 were identified as targets of miR-195-5p using online prediction databases and dual luciferase reporter assay. *In vitro* loss-of-function assays demonstrated that LINC00473 knockdown reduced YAP1 and TEAD1 expression, which may suppress glioma progression. In addition, CTGF, which was reported to promote glioma migration ([@b38-ijo-56-02-0508]), was also decreased upon loss of LINC00473 expression, which indicated an oncogenic role of LINC00473. Activation of YAP increased the expression of downstream target CTGF, leading to stem cell phenotype of glioma ([@b39-ijo-56-02-0508]). Effects of LINC00473 on epithelial-mesenchymal transition and stemness properties of glioma cells required further investigation. As LINC00473 is associated with various lncRNA-miRNA-mRNA regulatory axes and is involved in signaling pathways in regulation of tumors progression; additional potential miRNA targets and downstream signaling networks should be studied in the future. Recently, LINC00473 was reported to promote glioma progression via regulation of the miR-637/CDK6 axis ([@b30-ijo-56-02-0508]), confirming various LINC00473-miRNA-mRNA regulatory axes in regulation of glioma.

In conclusion, the present study demonstrated that knockdown of lncRNA LINC00473 inhibited cell proliferation, migration and invasion of glioma cells, as well as blocked cell cycle and induced cell apoptosis, via regulation of miR-195-5p/YAP1-TEAD1 axis. These data revealed the relationship between LINC00473/miR-195-5p/YAP1/TEAD1 regulatory axis and glioma progression, and may shed light on the potential therapeutic application of LINC00473 in glioma treatment.
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![LncRNA LINC00473 is highly expressed in glioma tissues and cell lines. (A) RT-qPCR was used to determine lncRNA LINC00473 expression levels in glioma tissues (Tumor) and para-carcinoma tissues (Normal), and in high-grade glioma (WHO grade III and IV) than low-grade glioma (WHO grade I and II) tissues. n=40; ^\*^P\<0.05; ^\*\*^P\<0.01. (B) Kaplan-Meier OS analysis of patients with glioma with highly and lowly expression of LINC00473. (C) LINC00473 expression levels in human glioma cell lines (U251, U118, LN229, U87 and SHG44) and normal human astrocytes cell line (NHA) were detected by RT-qPCR. ^\*\*^P\<0.01 vs. NHA. OS, overall survival; RT-qPCR, reverse transcription-qPCR.](IJO-56-02-0508-g00){#f1-ijo-56-02-0508}

###### 

LINC00473 knockdown suppresses glioma cell proliferation, migration and invasion, and induces apoptosis. (A) Transfection efficiency of sh-LINC00473\#1 or sh-LINC00473\#2 in U251 and U87 cells was detected by reverse transcription-qPCR. ^\*\*^P\<0.01 vs. sh-NC (P\<0.01). (B) The influence of sh-LINC00473 on cell viability was detect by Cell Counting Kit-8. ^\*^P\<0.05; ^\*\*^P\<0.01. (C) The influence of sh-LINC00473 on apoptosis was determined by flow cytometry. ^\*\*^P\<0.01. LINC00473 knockdown suppresses glioma cell proliferation, migration and invasion, and induces apoptosis. (D) The influence of sh-LINC00473 on cell cycle progression was detected by flow cytometry ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. sh-NC G1. (E) The influence of sh-LINC00473 on cell migration was determined by wound healing assay. ^\*^P\<0.01 vs sh-NC. (F) The influence of sh-LINC00473 on cell invasive ability was detect by Transwell assay. ^\*\*^P\<0.01 vs. sh-NC. NC, negative control; sh, short hairpin RNA.
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![LINC00473 knockdown inhibits glioma growth *in vivo*. (A) Stable knockdown of LINC00473 by sh-LINC00473 in the subcutaneous xenotrans-planted tumors was confirmed by reverse transcription-qPCR. ^\*\*^P\<0.01. (B) sh-LINC00473 inhibited glioma growth in xenografted mice. (C) sh-LINC00473 inhibited glioma tumor volume and weight. ^\*\*^P\<0.01. (D) Tumor sections were stained with H&E, which demonstrated that sh-LINC00473 decreased degrees of glioma malignancy. (E) Immunohistochemical staining indicated that the expression of Ki67 was reduced in the xenograft tumor tissues of mice injected with U251 cells transfected with sh-LINC00473. ^\*\*^P\<0.01. H&E, hematoxylin and eosin; sh, short hairpin RNA.](IJO-56-02-0508-g03){#f3-ijo-56-02-0508}

![LINC00473 directly binds to and decreases miR-195-5p expression. (A) Predicted target sites of miR-195-5p in LINC00473. (B) Effect of miR-195-5p mimics on luciferase activity of reporter gene with WT or MUT LINC00473 target regions. ^\*\*^P\<0.01. (C) RIP assays were performed using the Ago2 or IgG antibodies, and RT-qPCR was used to detect the expression levels of miR-195-5p and LINC00473 in U251 and U87 cells. ^\*\*^P\<0.01 and ^\#\#^P\<0.01 vs. anti-IgG. (D) Transfection efficiency of pcDNA3.1-LINC00473 overexpression (left) and the effects of pcDNA3.1-LINC00473 and sh-LINC00473 on miR-195-5p expression in U251 and U87 cells was detected by RT-qPCR. ^\*\*^P\<0.01 vs. pcDNA3.1; ^\#\#^P\<0.01 vs. sh-NC. (E) miR-195-5p expression levels in glioma tissues and para-carcinoma tissues were determined by RT-qPCR. n=40; ^\*\*^P\<0.01). (F) miR-195-5p expression levels in high-grade glioma (WHO grade III and IV) and low-grade glioma (WHO grade I and II) tissues were detect by RT-qPCR. ^\*^P\<0.05, ^\*\*^P\<0.01. (G) Negative correlation between LINC00473 and miR-195-5p in glioma tissues. Ago2, argonaute 2; IgG, immunoglobulin G; miR, microRNA; MUT, mutant; NC, negative control; RIP, RNA immunoprecipitation; RT-qPCR, reverse transcription-qPCR; SNRNP70, U1 small nucleoprotein 70 kDa; WT, wild-type.](IJO-56-02-0508-g04){#f4-ijo-56-02-0508}

###### 

YAP1 and TEAD1 are direct targets of miR-195-5p. (A) Predicted miR-195-5p target sites in the WT 3′UTR of in YAP1 and TEAD1; MUT target sites are also shown. (B) Effect of miR-195-5p on luciferase activity of reporter gene with WT or MUT 3′UTR of YAP1 and TEAD1. ^\*\*^P\<0.01 vs. miR-NC. (C) Transfection efficiency of miR-195-5p mimics or inh in U251 and U87 cells; and the influence of miR-195-5p mimics or inh on mRNA expression levels of YAP1 and TEAD1 were detected by RT-qPCR. ^\*\*^P\<0.01 vs. miR-NC; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. inh NC. (D) The influence of miR-195-5p mimics or inh on protein expression levels of YAP1 and TEAD1 was detected by western blotting. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. miR-NC; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. inh NC. (E) YAP1 mRNA expression levels in glioma tissues (Tumor) and para-carcinoma tissues (Normal), n=40; and in high-grade glioma (WHO grade III and IV) and low-grade glioma (WHO grade I and II) tissues were detected by RT-qPCR. ^\*^P\<0.05 and ^\*\*^P\<0.01. (F) TEAD1 mRNA expression levels in glioma tissues and para-carcinoma tissues (n=40) and in high-grade glioma (WHO grade III and IV) and low-grade glioma (WHO grade I and II) tissues were detected by RT-qPCR. ^\*^P\<0.05 and ^\*\*^P\<0.01. (G) Negative correlation between miR-195-5p and YAP1 in glioma tissues; and positive correlation between LINC00473 and YAP1 in glioma tissues. (H) Negative correlation between miR-195-5p and TEAD1 in glioma tissues, and positive correlation between LINC00473 and TEAD1 in glioma tissues. Inh, inhibitor; miR, microRNA; MUT, mutant; RT-qPCR, reverse transcription-qPCR; TEAD1, TEA domain family member 1; UTR, untranslated region; WT, wild-type; YAP1, Yes-associated protein 1.
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###### 

LINC00473 promotes glioma progression through miR-195-5p-mediated YAP1-TEAD1-Hippo signaling pathway. (A) The influence of sh-LINC00473 and miR-195-5p inh on cell viability was detected by Cell Counting Kit-8. (B) The influence of sh-LINC00473 and miR-195-5p inh on apoptosis was detected by flow cytometry. (C) The influence of sh-LINC00473 and miR-195-5p inh on cell cycle progression, specifically G1, was detected by flow cytometry. LINC00473 promotes glioma progression through miR-195-5p-mediated YAP1-TEAD1-Hippo signaling pathway. (D) The influence of sh-LINC00473 and miR-195-5p inh on cell migration as determined by wound healing assay. (E) The influence of sh-LINC00473 and miR-195-5p inh on cell invasion was detected by Transwell assay. (F) The influence of sh-LINC00473 and miR-195-5p inh on protein expression levels of YAP1, TEAD1 and CTGF were determined by western blotting. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. inh NC + sh-NC; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. inh NC + sh-NC; ^&^P\<0.05 and ^&&^P\<0.01 vs. inh NC + sh-LINC00473. CTGF, connective tissue growth factor; inh, inhibitor; miR, microRNA; NC, negative control; sh, short hairpin RNA; TEAD1, TEA domain family member 1; YAP1, Yes-associated protein 1.
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###### 

Primer sequences for reverse transcription-qPCR.

  Gene                         Sequence (5′→3′)
  ---------------------------- ---------------------------
  GAPDH                        F: ACCACAGTCCATGCCATCAC
  R: TCCACCACCCTGTTGCTGTA      
  LINC00473                    F: TCATTTCCCTACCTGCTCCT
  R: CAGTGTCTGCACATCGCTAAT     
  microRNA-195-5p              F: GGGGTAGCAGCACAGAAAT
  R: TCCAGTGCGTGTCGTGGA        
  YAP1                         F: CGCTCTTCAACGCCGTCA
  R: AGTACTGGCCTGTCGGGAGT      
  TEAD1                        F: AACATGGAAAGGATGAGCGACT
  R: TCAGTCCTTCACAAGCCTGTAGA   
  U6                           F: CTCGCTTCGGCAGCACA
  R: AACGCTTCACGAATTTGCGT      

F, forward; R, reverse; TEAD1, TEA domain family member 1; YAP1, Yes-associated protein 1.

###### 

Associations between LINC00473 expression and clinicopathological features of patients with glioma were determined by χ^2^ analysis.

  Clinicopathological feature   LINC00473 expression             
  ----------------------------- ---------------------- ---- ---- -------
  Age (years)                                                    
   \<50                         15                     7    8    0.283
   ≥50                          25                     16   9    
  Sex                                                            
   Male                         17                     7    10   0.073
   Female                       23                     16   7    
  Histopathology                                                 
   Conventional                 22                     12   10   0.676
   Chordioid                    18                     11   7    
  Tumor recurrence                                               
   Yes                          23                     17   6    0.015
   No                           17                     6    11   
  Tumor grade                                                    
   I-II                         11                     11   0    0.001
   III                          14                     9    5    
   IV                           15                     3    12   

###### 

Multivariate and univariate analysis of prognostic parameters in patients with glioma by Cox regression analysis.

  Clinicopathological feature   Multivariate P-value   Univariate P-value
  ----------------------------- ---------------------- --------------------
  Age (years)                                          
   \<50 years                   0.288                  0.181
   ≥50 years                                           
  Sex                                                  
   Male                         0.11                   0.275
   Female                                              
  Histopathology                                       
   Conventional                 0.233                  0.733
   Chordioid                                           
  Invasion condition                                   
   Yes                          0.056                  0.165
   No                                                  
  Tumor grade                                          
   I-II                         0.039                  0.244
   III                                                 
   IV                                                  
  LINC00473 expression                                 
   Low                          0.030                  0.291
   High                                                
